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Long Short Term Memory (LSTM)

The LSTM is a recurrent 
neural network with an 

input-output-state 
relationship.



State space model: LSTM model:

LSTMs are State-Space Models



Embedding into Deep Learning Models
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Experimental Setup

LSTM-based model
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CAMELS Dataset

Addor, N., Newman, A.J., Mizukami, N., & Clark, M.P. (2017). The CAMELS data set: catchment attributes and meteorology for large-sample 
studies. Hydrology and Earth System Sciences 

Newman, Andrew, et al. "Development of a large-sample watershed-scale hydrometeorological data set for the contiguous USA: data set 
characteristics and assessment of regional variability in hydrologic model performance." Hydrology and Earth System Sciences

531 CONUS catchments 
with diverse climate, 

ecology, geology.



Regional Modeling 

Kratzert, F., Klotz, D., Shalev, G., Klambauer, G., Hochreiter, S., & Nearing, G. (2019). Towards learning universal, regional, and local hydrological behaviors via machine learning applied to large-sample datasets. Hydrology & Earth System Sciences, 23(12).

Regional LSTMs are 
better than 

catchment-specific 
hydro models.



Prediction in Ungauged Basins

Kratzert, F., Klotz, D., Herrnegger, M., Sampson, A. K., Hochreiter, S., & Nearing, G. S. (2019). Toward improved predictions in ungauged basins: Exploiting the power of machine learning. Water Resources Research, 55(12), 11344-11354.

LSTMs are better in 
ungauged basins than 
SAC-SMA is in gauged 

basins.



Learning a General Model

Nearing, G., Kratzert, F., Sampson, A. K., Pelissier, C. S., Klotz, D., Frame, J., ... & Gupta, H. (2020). What role does hydrological science play in the age of machine learning?

The LSTM is better 
when trained on 

multiple catchments 
than when trained on 

individual 
catchments.



Kratzert, F., Klotz, D., Hochreiter, S., & Nearing, G. S. (2020). A note on leveraging synergy in multiple meteorological datasets with deep learning for rainfall-runoff modeling. Hydrology and Earth System Sciences Discussions, 1-26.

Certain “hard” tasks are easy with DL
Multiple Forcings w/o Ensembles



Gauch, M., Kratzert, F., Klotz, D., Nearing, G., Lin, J., & Hochreiter, S. (2020). Rainfall-Runoff Prediction at Multiple Timescales with a Single Long Short-Term Memory Network. arXiv preprint arXiv:2010.07921.

Certain “hard” tasks are easy with DL

Multiple Time Scales



Cartoon Illustration of a Mixture Model

Certain “hard” tasks are easy with DL

Estimating Uncertainty

Alden Sampson; 
Upstream Tech, PBC



Physics Integration



Post-Processing
National Water Model Post-Processing

Frame, J., Nearing, G., Kratzert, F., & Rahman, M. (2020). Post processing the US National Water Model with a Long Short-Term Memory network.

Adding NWM states and 
fluxes as inputs did 
not improve the LSTM



Post-Processing

Frame, J., Nearing, G., Kratzert, F., & Rahman, M. (2020). Post processing the US National Water Model with a Long Short-Term Memory network.

The LSTM “listens” to 
the NWM, but there 
isn’t any extra 
information.

Sensitivity of LSTM to Different Inputs



Physics into Deep Learning Models



C

Physics into Deep Learning Models

Each neural connection 
in the DNN is now a 

mass (or energy) flux. 



A standard 
LSTM

Physics into Deep Learning Models



Physics into Deep Learning Models

An “LSTM” with 
conservation laws 



Physics into Deep Learning Models

Slight performance 
increase over LSTM, but 

currently the best 
peak-flow model we’ve 

tested.



Physics into Deep Learning Models

Snow represented as a 
sum over 4 states in 

the MC-LSTM.

Snow was not part of 
the training data set.
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